Apoptotic cell death is essential for development and tissue homeostasis [1, 2] . Failure to clear apoptotic cells can ultimately cause inflammation and autoimmunity [3, 4] . Apoptosis has primarily been studied by staining of fixed tissue sections, and a clear understanding of the behavior of apoptotic cells in living tissue has been elusive. Here, we use a newly developed technique [5] to track apoptotic cells in real time as they emerge and are cleared from the zebrafish brain. We find that apoptotic cells are remarkably motile, frequently migrating several cell diameters to the periphery of living tissues. F-actin remodeling occurs in surrounding cells, but also within the apoptotic cells themselves, suggesting a cell-autonomous component of motility. During the first 2 days of development, engulfment is rare, and most apoptotic cells lyse at the brain periphery. By 3 days postfertilization, most cell corpses are rapidly engulfed by macrophages. This engulfment requires the guanine nucleotide exchange factor elmo1. In elmo1-deficient macrophages, engulfment is rare and may occur through macropinocytosis rather than directed engulfment. These findings suggest that clearance of apoptotic cells in living vertebrates is accomplished by the combined actions of apoptotic cell migration and elmo1-dependent macrophage engulfment.
Apoptotic cells labeled by transgenically expressed, secreted annexin5-YFP (secA5-YFP) were followed by time-lapse confocal imaging during zebrafish brain development [5] . We found that many secA5-YFP + apoptotic cells arose throughout the embryonic neural tube by 24 hr postfertilization (hpf). These secA5-YFP + cells persisted for an average of 3 hr without any apparent fragmentation or engulfment. Surprisingly, the apoptotic cells were quite motile, often traveling many cell diameters between their appearance and ultimate lysis ( Figure 1A , see also Movie S1 available online). We observed that apoptotic cells typically migrated toward the basolateral side of the neural tube and away from the ventricular, apical side. To investigate this apparent directional preference, we induced high levels of cell death in the brain by treating secA5-YFP;neuronal-mCherry animals with camptothecin, a chemotherapeutic agent, and assessing the apical and basolateral presence of apoptotic cells. Hundreds of apoptotic cells initially emerged at both apical and basolateral positions within the neural tube ( Figure 1B and 1C) . However, w9 hr after the camptothecin challenge, few apoptotic cells were present on the apical (ventricular) side of the neural tube, whereas hundreds were detected on the basolateral side of the neural tube ( Figure 1B) . To quantify directionality, we followed apoptotic cells using 4D tracking and measured displacement of cells over time ( Figure 1D ). Analysis indicated that the majority of cells followed indirect paths such that their distance traveled exceeded their total displacement. Nevertheless, more than 80% of cells analyzed exhibited a net displacement outward to the basolateral side of the neural tube ( Figures 1D and 1E ). Therefore, apoptotic cells in the developing brain are highly motile and move almost exclusively in the basolateral direction.
Actinomyosin systems are required for many types of cell movements [6, 7] . To determine whether actinomyosin remodeling is involved in apoptotic cell migration, we treated developing zebrafish with blebbistatin, which uncouples actin-myosin interactions. Blebbistatin treatment rapidly and strongly reduced the motility of apoptotic cells by at least 4-fold (Figures 2A and 2B ). These data suggest that polymerized actin remodeling is involved in the migration, but they do not tell us where this actin remodeling actually occurs.
Apoptotic cells in the brain appear to be of two distinct types. Early cells are irregular in shape, motile, and actively blebbing ( Figure 2C ). They are also surrounded by a thin, smooth secA5-YFP border. Late apoptotic cells are almost perfectly round and are not actively blebbing ( Figure 2C ). They not only are surrounded by a secA5-YFP border but also exhibit patches of secA5-YFP throughout the cell. Approximately 70% of cells are early, whereas w30% of cells are late stage (n = 86, data not shown).
Rho-associated protein kinase (ROCK) is known to contribute to cell blebbing and is activated in apoptotic cells [8] .
To determine whether ROCK-dependent movement contributes to apoptotic cell migration, we inhibited ROCK activity. The number of blebbing cells in ROCK inhibitor-treated animals was reduced, (data not shown) and velocity of movement was decreased by 50% ( Figure 2D ). This suggests that the blebbing and motility exhibited by many apoptotic cells is controlled by ROCK.
Previous studies using cultured cells have demonstrated that apoptotic cells can be extruded from epithelial sheets by coordinated contraction of neighboring cells [9] [10] [11] . To determine whether this type of extrusion also occurs in the zebrafish, we imaged apoptotic cell movement with higher scan rates to look for evidence of coordinated contraction of neighboring cells. Instead, we observed that apoptotic cells underwent constant curving and blebbing of the plasma membrane, showing large outward membrane bulges that appeared to move between neighboring cells ( Figure 1A ; Movie S1). This led us to hypothesize that active actinomyosin remodeling occurs within dying cells to drive their migration. To test this hypothesis, we visualized polymerized actin (F-actin) using the Lifeact fluorescent probe [12] . Although we occasionally observed high levels of F-actin surrounding late secA5-YFP + cells, likely in bordering cells, F-actin intensity was cortically enriched within the interior of the majority of early apoptotic cells (Figures 2E-2L ). The intensity of internal F-actin changed dynamically with the movement of the apoptotic cells (Movie S2). Together, these findings suggest the possibility of a new mode of apoptotic cell clearance in which these cells contribute to their own removal by actinomyosin-based migration out of the neural tube. It appears that extrusion by contraction of neighboring cells occurs as well, especially at late stages of apoptosis, suggesting that extrusion and migration may operate in the same tissue (Figures 2I-2L ; Movie S2, right panels).
After tracking hundreds of apoptotic cells in the brains of 24 hpf zebrafish embryos, we observed little engulfment by macrophages or other cell types. Therefore, directional migration may be the primary means of removing dying cells from the embryonic brain prior to the arrival of macrophages. Directional migration of apoptotic neurons continued to occur even in later stages of development when macrophage engulfment was more widespread. For example, we observed apoptotic cells that migrated out of the neural tube in 5 dpf animals ( Figure S1 ). Therefore, migration of apoptotic cells is not limited to early embryonic development and may contribute to cell corpse clearance in older animals.
Beginning at about 48 hpf, we often observed that apoptotic cells disappeared soon after becoming secA5-YFP positive. To determine whether these cells were disappearing due to engulfment, we tracked dozens of secA5-YFP + cells at 60 hpf. Immediately before their disappearance, we frequently observed the approach of a large nonneuronal (nonfluorescent) cell that exhibited characteristic dynamics, shape, and behavior of primitive macrophages (Figures 3A-3C ; Movie S3).
Primitive macrophages are known to arrive in the brain by 24 hr postfertilization in zebrafish [13, 14] . Loss of the myeloid transcription factor PU.1 or colony-stimulating factor-1 receptor (CSF1R) causes a lack of these primitive macrophages in mice as well as zebrafish [15] [16] [17] [18] [19] [20] . Genetic evidence suggests that these macrophages contribute to clearance of apoptotic cells in vivo. However, visualizing the interaction of primitive macrophages with apoptotic cells in vivo has been difficult.
To visualize these engulfing cells with higher resolution, we used bright-field microscopy and confocal imaging of a ubiquitously expressed membrane-localized GFP (memGFP). We observed large (diameter > 10 mm), highly motile cells on the yolk and in the brain that possessed long, dynamic cellular processes reminiscent of the ruffles and filopodia characteristic of primitive macrophages ( Figures 3D-3F) . By 60 hpf, we observed these cells actively foraging along the margins and interior of the neural tube and engulfing secA5-YFP + cells. The engulfing cells showed a low level of GFP driven by the Fli1 promoter both in a nuclear reporter line and a cytoplasmic reporter line, characteristic of primitive macrophages ( Figure  3D ) [21] . These cells were also PU.1-GFP positive, and negative for other markers, including the neutrophil marker lysozyme Z (Lyz-dsRed) and microglial marker Apolipoprotein E (ApoE-GFP) [17, 22] (Figure S2 ). Together, these data suggest that apoptotic cells are engulfed by primitive macrophages at 60 hpf.
To determine whether macrophages are major contributors to cell corpse clearance during brain development, we knocked down the PU.1 transcription factor that controls macrophage differentiation in vertebrates [18, 20, 23] . As expected, knockdown of PU.1 caused an almost complete loss of primitive macrophages ( Figure 3J ). Numbers of apoptotic cells remained unchanged during the first day of development, indicating that primitive macrophages do not affect cell corpse clearance during early development. By contrast, the number of apoptotic cells in older animals increased approximately 10-fold relative to control animals ( Figures 3I and 3K ). In the absence of primitive macrophages, apoptotic cells accumulated on the outer edges of the rostralmost part of the forebrain between the telencephalon and olfactory bulbs ( Figure 3I ). These data suggest that primitive macrophages are responsible for most of the engulfment occurring between 2 and 3 days of development and that in the absence of engulfment, directed migration of apoptotic cells persists in older embryos.
Genetic screens in C. elegans and Drosophila have elucidated genetic pathways required for cell corpse engulfment [24] [25] [26] . Ced-12/Elmo1 gene is a guanine nucleotide exchange factor (GEF) required for cell corpse engulfment in C. elegans [27] . In vertebrates, ELMO1 is required for engulfment of apoptotic germ cells in the mouse testes by Sertoli cells [28] and was recently found to play a role in neurogenesis in the mouse postnatal brain [29] . However, it is unknown whether ELMO1 functions in macrophages or other tissues besides A, D, and H) . Also see Figure S2 . the testes, and if so, how engulfment is affected by defective ELMO signaling.
To determine whether ELMO1 is necessary for cell corpse engulfment in zebrafish, we analyzed macrophages in elmo1 knockdown animals at different developmental stages. Migration of primitive macrophages from the yolk into the head mesenchyme w24 hpf appeared normal as did initial macrophage morphology. However, by 48 hpf, we observed abnormally large macrophages in the brain ventricles of elmo1 deficient animals. In wild-type (WT) animals, the macrophages in the ventricles were polarized and remained attached to the ventricle roof ( Figure 4A ). In elmo1 morphants, these macrophages detached from the ventricle roof and moved freely through the ventricular fluid (Figures 4A and 4C ; Movie S4). The elmo1 deficient macrophages contained many large vacuoles (as large as 10 mm in diameter), and we observed large membrane ruffles capturing surrounding liquid, reminiscent of macropinocytosis (Movie S4).
ELMO/CED-12 functions together with DOCK180/CED-5 to activate Rac1/CED-10 in C. elegans engulfment [30] . To verify conservation and specificity of this pathway, we analyzed macrophages in dock180 knockdown animals and found a similar increase in macropinocytic macrophages in dock180 morphant animals ( Figure 4B) .
To characterize the defect in elmo1-deficient animals further, we tracked macrophages and found that they still approached apoptotic cells and bound to them but often failed to engulf them ( Figure 4C ; Movie S4). On average, it takes 2 min from first encounter of an apoptotic cell to complete engulfment in WT macrophages. In elmo1-deficient macrophages, we found that apoptotic cells were still bound to the outside of the macrophage 6 min after initial contact, suggesting a defect in the ability to engulf apoptotic cells ( Figure 4D ). We frequently observed macrophages in brain ventricles whose exterior surfaces were decorated with apoptotic cells (Figure 4C ; Movie S4). Many of these macrophages did have secA5-YFP + apoptotic material inside them, and occasionally we observed that these decorated macrophages would engulf one of the secA5-YFP + cells attached to their surface through this macropinocytic process. However, the macropinocytic behavior appeared not to be directed, and the majority of engulfment attempts occurred away from the bound apoptotic cells.
To quantify the engulfment defects we observed in elmo1-deficient macrophages, we induced supernumerary apoptotic cells in the brain using the bacterial enzyme nitroreductase (NTR) [31, 32] . Treatment of NTR transgenic animals with metronidazole (met) caused dose-dependent apoptosis of neurons coexpressing NTR and mCherry. In these animals, we observed a >5-fold increase in highly motile macrophages containing large quantities of lysosomal mCherry, suggesting that these macrophages had been actively engulfing apoptotic, mCherry-expressing neurons ( Figures 4E and 4F) . When comparing elmo1 morphant NTR versus WT NTR animals, we observed a >5-fold reduction in macrophages that engulfed apoptotic cells in animals deficient in elmo1 ( Figures 4E and 4F) . When comparing untreated WT to elmo1 morphants, we observed increased cellular debris in elmo1 morphants as marked by small fluorescent apoptotic fragments. Together, these data suggest a sharp decline in macrophage capacity to engulf apoptotic cells in elmo1 morphants. Knockdown of dock180 also caused a similar decrease in engulfment capacity, although the effect was less potent, possibly due to lack of sufficient knockdown or redundancy ( Figure S3) .
One potential explanation for the effect of targeting this engulfment pathway is that lack of elmo1 causes a defect in directing the formation of a phagocytic cup at the proper position where an apoptotic cell is bound. ELMO1 is thought to be activated by the phosphatidylserine receptor BAI1 and to act as a guanine nucleotide exchange factor for Rac1 [33] . Therefore, elmo1 may ensure that Rac1-mediated formation of the phagocytic cup occurs at the site of BAI1 activation when a macrophage contacts an apoptotic cell. How an elmo1-deficient macrophage switches into a macropinocytotic mode is not clear, but these cells do occasionally manage to internalize bound apoptotic cells, indicating that elmo1-independent engulfment is rare but can still occur occasionally.
The dramatic macrophage phenotype and engulfment defects we observed in zebrafish were not reported in ELMO1-knockout mice [28] . This may be due to functional redundancy with other ELMO genes in mice. Alternatively, engulfment defects may have been missed by a lack of in vivo methods to visualize engulfment with sufficient spatiotemporal resolution. Indeed, a more recent study shows a potential role for elmo1 in neighboring cell engulfment in the mouse subventricular zone [29] .
It has been noted that annexin-5 inhibits engulfment in an in vitro flow-cytometry-based phagocytosis assay [34] . Although we cannot eliminate the possibility of a minor inhibition of engulfment by secA5-YFP in vivo, it is clear that secA5-YPF-positive cells are efficiently recognized and engulfed (in an average of 2 min-see Figure 4D ) by macrophages in vivo.
It is interesting to speculate on the advantages of employing two distinct methods of apoptotic cell clearance-migration and engulfment. Prior to macrophages becoming functional, directional migration provides a means of removing cells to the central nervous system (CNS) periphery, where eventual cell lysis is less likely to interfere with brain function or cause inflammation. But even after macrophages become active, apoptotic cell migration out of the neural tube continues. It is possible that migration and extrusion might direct apoptotic cells to areas in the brain more easily accessible for phagocytes. In line with such a mechanism, Drosophila macrophages rarely enter tissues and seem mainly to scavenge intertissue spaces for apoptotic cells [35] . Additionally, in immunohistochemistry and EM studies of developmental cell death, apoptotic cells accumulate on the periphery of the CNS in Drosophila lacking engulfment [36] . Therefore, in addition to being a disposal method in its own right, directed migration of apoptotic cells may facilitate engulfment by macrophages and limit the extent to which macrophages must invade sensitive tissues to find apoptotic cells.
The studies described here have focused on clearance of apoptotic cells from the developing zebrafish brain. It is possible, although untested, that apoptotic cell migration and elmo1-dependent engulfment contribute to apoptotic cell clearance in other developing organs and adult tissues. Because some organs must deal with the clearance of billions of cells that die every day [37] , the mechanisms of apoptotic cell disposal described here may be relevant to understanding conditions ranging from autoimmune disease to chronic inflammation.
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